half-billion years preceding the Cambrian (6, 8, 9). In particular, the famous Lagerstatten of the Cambrian (8, 10) resulted from taphonomic conditions that are exceptionally rare at other times in the rock record (9) . Nevertheless, some Vendian trace fossils and body fossils suggest that animals with coeloms existed before the Cambrian (6, 8, 11, 12).
Calibrated rates of gene sequence divergence provide another avenue for dating divergence times between animal phyla (13). An early study by Runnegar, based on hemoglobin, suggested Precambrian divergences (14) but was criticized for not testing assumptions of rate constancy (15) . A more recent study based on 18S ribosomal RNA (rRNA) sought evidence of rapid divergences in the inability of sequence data to resolve phylogenetic relationships (16) . The burgeoning database of gene sequences provides an opportunity to examine the divergence times of metazoan phyla from large data sets based on several genes and many taxa. We present such an analysis here. Our results cast doubt on the prevailing notion that the animal phyla diverged explosively during the Cambrian or late Vendian, and instead suggest that there was an extended period of divergence during the mid-Proterozoic, commencing about a billion years ago.
Calibrating sequence divergence rates. Our approach to estimating divergence times between metazoan phyla is based on the tendency for nucleotide and amino acid sequences to diverge over time (17) (18) (19) . Although rates of sequence divergence vary through time and among taxa (19, 20) , in long sequences derived from many phylogenetically dispersed taxa, these heterogeneities average into a mean rate of divergence (14, 19, 21). Mean rates of sequence divergence, calibrated with the use of taxa with well-established divergence times during the Phanerozoic, can then be used to estimate unknown divergence times (13, 21) .
We applied this approach to seven genes: those encoding adenosine triphosphatase (ATPase) subunit 6, cytochrome c, cytochrome c oxidase subunits I and II, hemoglobin, NADH dehydrogenase subunit 1, and 18S rRNA. These genes were chosen for analysis because full-length (or nearly full-length) sequences are currently available from numerous phylogenetically dispersed metazoans. In addition, they do not belong to related gene families, some are nuclear and others mitochondrial, their final products include both RNA and proteins, they encompass a diversity of biochemical functions, and they evolve at different rates. Their evolution should therefore not be correlated, and divergence time estimates based on each gene should be independent.
We calculated mean rates of sequence divergence for each gene from a large number of taxa ( Gauging the statistical significance of, and confidence limits on, rates of sequence divergence is problematic. The rate is estimated from pairwise comparisons of taxa that are related by descent, which overestimates the number of degrees of freedom. We therefore used three rather different approaches. (i) We determined the significance of the correlation between the divergence time and genetic distance matrices with a Mantel test, which uses sampled randomization to test the correlation between two similarity matrices (26) . For the six protein-coding genes, this test indicated a correlation between genetic distance and divergence time that is significant at the P < 0.0001 level, and for 18S rRNA at the P < 0.004 level ( (Fig. 1) . Whenever possible, we estimated divergences as the mean of several distantly related species per invertebrate phylum. The invertebrate phyla for which the most sequences are available for comparison with vertebrates are echinoderms, arthropods, annelids, and mollusks; consequently, these phyla are the focus of our analysis.
All mean divergence time estimates between these four phyla and chordates, based on all seven genes, substantially predate the beginning of the Cambrian period (Table   Protostomia  Deuterostomia RESEARCH ARTICLE kind of comparison was not possible for the other genes because of the limited number of invertebrate sequences available. As a more generally applicable approach, we gauged the uniformity of sequence divergence rates among phyla with a simple modification of the relative rate test (29), which compares genetic distances from an outgroup species to various ingroup species (Fig. 3A) . We used three phylogenetically dispersed nonmetazoans as outgroups to minimize the possibility that an idiosyncratic sequence in the reference taxon might bias the test. Rate variation, as indicated by standard errors of means, was generally low, ranging from 0.5 to 2.0% of the mean, depending on the gene (Table 3 , "all metazoans"). In general, calculating the mean interphylum sequence divergences between several species pairs, as we did wherever possible, tends to minimize the effects of rate variation.
Differences between invertebrates and vertebrates in mean rates of sequence divergence are a particular concern because they could introduce a systematic bias in divergence time estimates. Measured against nonmetazoan outgroups, mean invertebrate sequence divergences averaged 1.03 times vertebrate divergences, ranging from 0.88 for cytochrome c to 1.20 for 18S rRNA (Table. 3 mated with an adjustment for gene-specific rate heterogeneities, they are only 26 to 63 My shallower (depending on the phylum) than those calculated with unadjusted slopes.
The relative rate test turned up significant rate heterogeneities in a few specific comparisons. We conservatively eliminated from consideration those invertebrates that showed consistently faster rates by the relative rate test. The most dramatic case concerned nematodes: Sequences for all seven genes are very divergent relative to all other metazoan phyla, as had been noted earlier for 18S rRNA (16) . As a result, we did not estimate a nematode-chordate divergence time. Only a few scattered cases of large rate heterogeneities appeared elsewhere. In each case, other species from the phylum or other genes from the same species had more typical sequence divergences and could be used to estimate divergence times.
These results suggest that either the metazoan phyla began to diverge well before the Cambrian or exceptionally high rates of sequence divergence occurred throughout the metazoa (but not in other groups) for a very brief interval during the early Cambrian. Several functionally diverse genes distributed among the nuclear and mitochondrial genomes would have had to experience a very elevated but brief burst of sequence divergence simultaneously and proportionally scaled to the different rates of divergence for each gene. This would have to have occurred independently in several metazoan phyla. In addition, this putative burst of sequence divergence would have to be at least equivalent to all subsequent sequence changes during the rest of the Phanerozoic. Some proponents of a Cambrian explosion have suggested that the metazoan phyla diverged in as little as 8 My (4, 6), which would require sequence divergence rates in Cambrian and postCambrian times to differ by at least 65-fold. This is an order of magnitude greater than those of the most rate-variable genes known (19) .
Theoretical considerations aside, the relative rate test provides empirical evidence against sharply elevated rates of sequence divergence during the Cambrian. We computed sequence divergences from a prokaryote to various metazoan and nonmetazoan eukaryotes for five of the study genes ( Fig. 3B and Table 4 ) (globin and 18S rRNA lack known prokaryotic orthologs). This test is easily sensitive enough to detect a putative Cambrian spike in sequence divergence rates, for the simple reason that metazoan branches would consistently have to be about twice as long as other eukaryote branches in order to explain away the mid- Proterozoic divergence time estimates. This was not the case for any of the five genes tested (Table 4) . Given the consistent interphylum divergence time estimates obtained from seven different genes that all seem to have relatively constant rates of sequence divergence, the only reasonable interpretation is that the metazoan phyla began to diverge long before the Cambrian. A second line of empirical support comes from molecular phylogenies. Although there are substantial difficulties in resolving metazoan relationships with the use of molecular data (16), the fact that it is possible to recover even crude phylogenies from sequence data should raise suspicions about the possibility of divergences compressed into as little as 8 My. A Cambrian explosion would result in short internodes followed by long terminal nodes (branch length ratio -1:65), well into the "Felsenstein zone" from which it is nearly impossible to reconstruct branch order (30) . Yet phylogenetic analyses of molecular data sets consistently recover echinoderms and chordates as a clade, and typically unite the protostome phyla examined here (31). Variation in rates of sequence divergence, which are particularly evident over relatively short intervals of time, would compound the branch length ratio problem, making it even. harder to recover topology.
The hypothesis of deep Precambrian divergences makes specific testable predictions. In particular, divergence time estimates based on other genes and taxa should be comparable to those presented here. In addition, new estimates of divergence times should not violate well-corroborated phylogenetic relationships. Few genes have been sequenced at this time in enough species or from a sufficiently broad phylogenetic range to allow estimation of interphylum divergence times. Several genes, however, would become useful with an additional 10 to 20 phylogenetically strategic sequences. This places tests of our hypothesis using other genes within the range of a modest project. The hypothesis of deep Precambrian divergences also makes predictions about the fossil record of metazoans. The stratigraphic ranges of chordates, echinoderms, arthropods, annelids, and mollusks (and, by implication, many other phyla) should be considerably expanded (Fig. 2) .
Implications. Deep Precambrian divergence times make interpretations of some Neoproterozoic body and trace fossils less problematic. These include interpretations of Dickinsonia and Spriggina as coelomate triploblasts (1 1, 12 phyla (8, 36) . For example, the earliest trilobite fossils fall into distinct biogeographic provinces (37) and have morphologies that on well-resolved cladograms place them as highly derived arthropods (38) .
The existence of an extended but cryptic Precambrian history of metazoans also has some interesting implications for understanding the origin and diversification of animal body architecture. In particular, the rapid appearance of diverse skeletonized taxa in the fossil record during the middle Early Cambrian may reflect an exceptional period of simultaneous morphological innovation within distinct lineages rather than a rapid branching of phyla. It has long seemed likely, for example, that mineralized skeletons. evolved independently in several phyla at this time (39). It is unlikely, however, that all "body plan" features evolved during the Cambrian. A cephalized, bilaterally symmetrical body composed of three germ layers predates the protostome-deuterostome split (28, 40, 41) and thus probably evolved much earlier than is generally recognized. Coeloms are shared by the two deuterostome phyla we examined and may predate the Cambrian by several hundred million years (the coeloms of protostomes may have an independent origin, and dating their appearance will require more information about the divergence times of the various protostome phyla).
The genetic regulatory apparatus that is so strikingly and extensively shared by protostomes and deuterostomes must also have evolved long before the Cambrian. This includes the cluster of Hox genes that are responsible for regional specification along the anteroposterior axis (40), as well as many other genes responsible for patterning and specifying cell fates in various organ systems (41) . The antiquity of these genetic regulatory circuits suggests that their appearance was not sufficient to trigger the morphological diversification that occurred during the Cambrian, as recently suggested (42), although their presence may have been a necessary precondition. The award will be presented at the 1998 AAAS annual meeting. In cases of multiple authorship, the prize will be divided equally between or among the authors.
